The influence of the citric acid content on the structural and redox properties of a magnetic iron-ceriumtungsten mixed oxide catalyst prepared through a microwave-assisted citric acid sol-gel method is investigated via TG-DTG-DSC, XRD, N 2 adsorption-desorption, XPS, H 2 -TPR and NH 3 -TPD.
Introduction
Nitrogen oxide (NO x ) emitted from the combustion of fossil fuel in coal-red power plants or automobile engines is a typical environmental pollutant, which causes serious problems to the environment and human health, such as acid rain, photochemical smog, pulmonary edema and tissue hypoxia.
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Therefore, many technologies have been developed to reduce the emission of NO x from coal-red power plants. [7] [8] [9] Compared with other de-nitrogen technologies, the selective catalytic reduction of NO x by NH 3 (NH 3 -SCR) has drawn increasing attention due to its high efficiency.
7 V 2 O 5 -WO 3 (MoO 3 )/TiO 2 is widely used as an NH 3 -SCR catalyst due to its high NO x conversion and high anti-SO 2 poisoning. However, it has some limitations, such as a relatively narrow temperature window and the toxicity of vanadium species. Therefore, it is necessary to develop novel non-vanadium catalysts with high deNO x performances to replace the commercial V 2 O 5 -WO 3 (MoO 3 )/ TiO 2 catalyst.
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Due to their relatively high NH 3 -SCR activity, low cost and non-toxicity, iron-based catalysts have been receiving signi-cant attention by many researchers. [17] [18] [19] [20] [21] [22] [23] [24] [25] Cerium or/and tungsten are widely used additives to optimize the NH 3 -SCR activity of iron-based catalysts owing to the high oxygen storage capacity and high redox ability of the Ce species by shiing between Ce 4+ and Ce 3+ , and the high surface acidity and excellent thermal stability of W species. [26] [27] [28] [29] [30] In our previous research, a novel magnetic iron-cerium-tungsten mixed oxide catalyst was proposed through a microwave-assisted citric acid sol-gel method with both Ce and W as additives, and the synergistic promotional effect of Ce and W on the NH 3 -SCR activity of iron oxide was also investigated. 15, 16 Meanwhile, many researches have indicated that the amount of citric acid plays an important role in the sol-gel reaction between citric acid and metal ions, thereby inuencing the structural and redox properties of the powder obtained by the citric acid sol-gel method. [31] [32] [33] [34] [35] However, these properties are usually thought to be the important factors in the NH 3 -SCR activity of iron-based mixed oxide catalysts. Therefore, herein, to reveal the effect of the physical structure of magnetic iron-cerium-tungsten mixed oxide catalysts on their NH 3 -SCR activity, three types of catalysts are obtained by changing the content of citric acid, where the molar ratios of citric acid/(Fe + Ce + W) are 0.25, 0.5 and 1.0. Thermogravimetric analysis (TG-DTG-DSC), X-ray diffraction (XRD), N 2 adsorption-desorption, X-ray photoelectron spectroscopy (XPS), temperature-programmed reduction (H 2 -TPR) and temperatureprogrammed desorption (NH 3 -TPD) are used to characterize the physical structural properties of the catalysts. The inuence of the citric acid/(Fe + Ce + W) molar ratio on the NH 3 -SCR mechanism over the catalyst at 200 C is obtained using in situ diffuse reection infrared Fourier transform spectroscopy (in situ DRIFTS).
Material and methods

Catalyst preparation and activity test
The magnetic iron-cerium-tungsten mixed oxide catalyst was prepared through a microwave-assisted citric acid sol-gel method according to ref. 15 The selective catalytic reduction of NO x with NH 3 was carried out in a xed-bed continuous ow quartz reactor at atmospheric pressure. 15, 16 The concentration of the reactants was controlled as follows: 1000 ppm NO, 1000 ppm NH 3 , 3 vol% O 2 , 100 ppm SO 2 (when used), 5 vol% H 2 O (when used) and balance N 2 . The volume of sample used in each experiment was 2 mL (0.512 g for FeCeW-0.25, 1.049 g for FeCeW-0.5 and 0.989 g for FeCeW-1.0) with a gas hourly space velocity (GHSV) of 60 000 h
À1
. The downstream concentrations of NO and NO 2 at the inlet and outlet of the reactor were measured using a ue gas analyzer (Model 60i, Thermo Fisher Scientic Co. Ltd, USA). NO conversion (X NO x ) was calculated as follows:
The different bulk densities of the magnetic FeCeW-m (m ¼ 0.25, 0.5 and 1.0) catalysts might be mainly attributed to the inuence of the citric acid/(Fe + Ce + Ti) molar ratio on the sol reaction between citric acid and the ions, and the burning characteristic of the formed sol-gel during the calcination process. Citric acid is the burning fuel in addition the complexing agent, and the nitrate ion is the oxidizer for the spreading combustion during the calcination process. The enhancement of the citric acid/(Fe + Ce + W) molar ratio improved both the sol reaction among the reactants and the formation of NO 2 due to the decomposition of nitric acid during the process of microwave irradiation (a type of brown gas was formed). In addition, a high molar ratio of citric acid/ (Fe + Ce + W) might cause the agglomeration of the sol-gel particles. 37 
Catalyst characterization
The thermal decomposition properties of the citric acid crystallite and the magnetic FeCeW-m (m ¼ 0.25, 0.5 and 1.0) solgels were determined on a thermal gravimetric analyzer (Netzsch, STA449 F3) under an air atmosphere. In addition, the physicochemical properties and the NH 3 -SCR mechanism of the samples were also characterized via XRD, N 2 adsorptiondesorption, XPS, H 2 -TPR, NH 3 -TPD and in situ DRIFTS according to ref. 15, 16 and 38 . The detailed information is listed in the ESI. †
Results and discussion
TG-DTG-DSC
Thermo-gravimetric analysis is an important characterization method for investigating the relationship between catalyst weight and temperature or differential thermal analysis. The TG-DTG-DSC curves of the FeCeW-m (m ¼ 0.25, 0.5 and 1.0) sol-gels were measured aer microwave irradiation, and the thermal decomposition property of the citric acid crystallite was also studied for comparison (Fig. 1, Fig. S1 and S2 †). From Fig. S1 , † two obvious weight loss peaks are observed in the TG curve of the citric acid crystallite. The low-temperature weight loss peak is assigned to its rapid decomposition with about 84.9% weight loss, and the high-temperature weight loss peak is attributed to the slow oxidation of the residual carbon aer its rapid decomposition. Different from the TG curve of the citric acid crystallite, three weight loss peaks appear for the magnetic FeCeW-m (m ¼ 0.25, 0.5 and 1.0) catalyst sol-gels aer microwave irradiation (Fig. 1) . The temperature of the rst weight loss peak for the FeCeW-0.25 sol-gel is lower than that of the citric acid crystallite, which is mainly attributed to the introduction of nitrate ions from iron or/and the cerium precursors. Meanwhile, the decomposition of nitric acid gradually improved during the process of microwave irradiation due to the enhancement of the sol-gel reaction between citric acid and metal ions when the molar ratio of citric acid/(Fe + Ce + W) was increased from 0.25 to 1.0. Similar to the thermal decomposition properties of the citric acid crystallite, the FeCeW-0.25 sol-gel almost completely decomposed at the rst weight loss peak, although its starting decomposition temperature decreased due to the introduction of nitrate ions. Meanwhile, a second peak with a larger weight loss is observed for the FeCeW-0.5 and FeCeW-1.0 sol-gels, and the FeCeW-1.0 sol-gel showed a larger weight loss than the FeCeW-0.5 sol-gel. This indicates that the sol-gel reaction between citric acid and metal ions becomes stronger when the molar ratio of citric acid/(Fe + Ce + W) is increased from 0.25 to 1.0. The DSC curves also show the presence of two exothermic peaks for the FeCeW-m (m ¼ 0.5 and 1.0) sol-gels compared to one exothermic peak for the FeCeW-0.25 sol-gel (Fig. S2 †) . Meanwhile, the rst exothermic peak of the FeCeW-1.0 sol-gel almost disappeared and was smaller than that of the FeCeW-0.5 sol-gel. This is mainly attributed to the occurrence of a weak spreading combustion phenomenon for the FeCeW-1.0 sol-gel during the microwave irradiation process. Therefore, it can be concluded that the citric acid content plays an important role in the sol-gel process between citric acid and Fe/Ce/W ions, and the complex reaction between them is fully completed with the molar ratio of citric acid/(Fe + Ce + W) increasing from 0.25 to 1.0. Thus, it inu-ences the structural properties and NH 3 -SCR activity of the magnetic iron-cerium-tungsten mixed oxide catalysts prepared through the microwave-assisted citric acid sol-gel method. However, the intensity of the diffraction peaks attributed to aFe 2 O 3 (#33-0664) gradually became weaker with an increase in the molar ratio of citric acid/(Fe + Ce + W) from 0.25 to 1.0, and the intensity of the diffraction peaks attributed to g-Fe 2 O 3 (#39-1346) initially became weak and then increased. In addition, no crystallite of cerium or/and tungsten species were also detected for both the FeCeW-0.5 and FeCeW-1.0 catalysts. These results indicate that iron oxide is the main crystallite of the magnetic iron-cerium-tungsten mixed oxide catalyst prepared through the microwave-assisted citric acid sol-gel method, and Ce or W species probably existed in the crystallite phase with a small particle size or amorphous phase (such as Ce-W solid solution without long-range order) in the catalyst. The amount of citric acid affected the sol-gel reaction between citric acid and metal ions, which is in accordance with the TG results in Fig. 1 3.2.2 N 2 adsorption-desorption. The pore structure of the magnetic FeCeW-m (m ¼ 0.25, 0.5 and 1.0) catalysts was characterized via N 2 adsorption-desorption and the results are shown in Fig. 3 and Table 1 . Hysteresis loops appear in the N 2 adsorption-desorption curves of the magnetic FeCeW-m (m ¼ 0.25, 0.5 and 1.0) catalysts, as shown in Fig. 3(A) , which indicate that the magnetic iron-cerium-tungsten mixed oxide catalysts possess abundant mesoporous structures. Meanwhile, the hysteresis loop closing point (P/P 0 ) of the catalyst at a low relative pressure gradually shied to the right when the molar ratio of citric acid/(Fe + Ce + W) was increased from 0.25 to 1.0, and the hysteresis loop closing point (P/P 0 ) at a high relative pressure initially decreased and then increased. This indicates that the citric acid content has an inhibition effect on the formation of micropores and mesopores in the magnetic iron-cerium-tungsten mixed oxide catalyst. The pore size distribution of the catalysts also demonstrate that the enhancement in citric acid content resulted in the top position of the pore size distribution curve shiing to le and led to a decrease in the BET surface area and pore volume of the magnetic catalyst (as shown in Fig. 3(B) , S3 † and Table 1) .
H 2 -TPR.
To investigate the effect of the citric acid content on the reducibility of the catalyst, H 2 -TPR experiments were conducted using the magnetic FeCeW-m (m ¼ 0.25, 0.5 and 1.0) catalysts and the results are shown in Fig. 4 . From Fig. 4 
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The enhancement in the citric acid/(Fe + Ce + W) molar ratio caused these ve sub-bands to gradually shi to the right. This indicates that the enhancement in citric acid content decreased the low-temperature reduction of surface adsorbed oxygen during the reduction of Fe 3+ to Fe
2+
. Meanwhile, the magnetic FeCeW-0.5 catalyst showed the most H 2 consumption at a reduction temperature below 790 C as shown in Fig. 4(B) .
This indicates that the enhancement in citric acid content depressed the formation of iron oxide crystallite, especially a- Fig. 5(B) ). The results in Fig. 5 and tungsten elements on the surface of the catalyst. As shown in Table 2 , the enhancement in the citric acid content improved the surface concentration of iron element (both Fe  3+ and Fe  2+ ) for the magnetic catalyst, although it decreased both the absorbed oxygen and the total oxygen concentrations. Meanwhile, the surface concentrations of both Ce and W initially increased and then decreased when the molar ratio of citric acid/(Fe + Ce + W) was increased from 0.25 to 1.0. Therefore, the amount of citric acid used in the sol-gel process plays an important role in the surface atomic concentrations and valence states of the elements in the magnetic FeCeW-m (m ¼ 0.25, 0.5 and 1.0) catalysts. 3.2.5 NH 3 -TPD. Fig. 6 shows the NH 3 desorption spectra on the magnetic FeCeW-m (m ¼ 0.25, 0.5 and 1.0) catalysts. A large desorption peak corresponding to the NH 3 reductive agent is observed for all the samples in the tested temperature range. Previous research showed that this desorption peak for iron oxide or iron-tungsten mixed oxide catalysts can be tted into three peaks, which are attributed to the weak acid sites (weakly bonded NH 3 ), medium acid sites (Lewis acid sites and Brønsted acid sites) and strong acid sites (Lewis acid sites) from low temperature to high temperature in the temperature range of 100-500 C. [39] [40] [41] Therefore, the enhancement in the citric acid content decreases the quantity of acid sites in the catalyst, especially the weak acid sites and medium acid sites. Thus, the magnetic FeCeW-0.25 catalyst shows the most surface acid sites. Fig. 7(A) . According to the results in Fig. 7(A) , the NH 3 -SCR activity of the catalyst rst increased and then decreased when the molar ratio of citric acid/(Fe + Ce + W) was increased from 0.25 to 1.0, and FeCeW-0.5 showed the best NH 3 -SCR activity in the reaction temperature window under the same GHSV. It should be mentioned that the quantity of FeCeW-0.25, FeCeW-0.5 and FeCeW-1.0 used in the test was 0.512, 1.049 and 0.989 g in 2 mL with a GHSV of 60 000 h À1 , respectively. The results in Fig. 1 demonstrate that the enhancement in citric acid content strengthened the sol-gel reaction between citric acid and metal ions, and the sol-gel reaction between them was fully completed when the molar ratio of citric acid/(Fe + Ce + W) was increased from 0.25 to 1.0. This depressed the formation of a-Fe 2 O 3 crystallite and caused the average pore size of the catalyst to become bigger ( Fig. 2 and 3, respectively) , thereby decreasing its BET surface area and pore volume (Table  1 ). In addition, the enhancement of the citric acid/(Fe + Ce + W) molar ratio from 0.5 to 1.0 promoted the formation of the gFe 2 O 3 crystallite, and magnetic FeCeW-1.0 shows the smallest BET surface area and pore volume among the catalysts. Furthermore, the SCR reaction rates normalized by the catalyst surface area over the magnetic FeCeW-1.0 catalyst was the fastest among the catalysts, as shown in Table 1 . Therefore, it might be concluded that the formation of metal species crystallite is an important factor in the NH 3 -SCR activity of the magnetic iron-cerium-tungsten mixed oxide catalyst, and the formation of g-Fe 2 O 3 crystallite under a higher molar ratio of citric acid/(Fe + Ce + W) might be benecial to NO x conversion over the unit area of catalyst. The H 2 -TPR results also demonstrate that the citric acid content affects the formation of metal species crystallite in the catalyst, and the magnetic FeCeW-0.5 catalyst shows the highest H 2 consumption at the temperature range of 400-790 C due to the formation of amorphous iron and cerium species on its surface. Meanwhile, the enhancement in the citric acid/(Fe + Ce + W) molar ratio improved the surface concentration of Fe element, and decreased the surface concentrations of both the absorbed oxygen (O a ) and total oxygen (O a + O b ), as shown in Fig. 5 and ) is oen thought to be more reactive in oxidizing NO to NO 2 due to its higher mobility, and a higher O a /(O a + O b ) ratio can facilitate a fast SCR reaction owing to the higher oxidation of NO to NO 2 in the NH 3 -SCR reaction at low temperature.
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Interestingly, the lowtemperature NO x conversion (150-225 C) at 60 000 h Therefore, the concentration of absorbed oxygen (O a ) might not play a primary role in the low-temperature NO x conversion by the catalyst. The enhancement in acid sites is known as an important factor in the NH 3 -SCR activity of catalysts, and is usually thought to be benecial to promote their NO x conversion. However, the quantity of both Lewis acid sites and Brønsted acid sites in the catalyst decreased when the molar ratio of citric acid/(Fe + Ce + W) increased from 0.25 to 1.0 (Fig. 6) Fig. 8 . When 100 ppm SO 2 was introduced, the NO x conversion over the magnetic FeCeW-0.5 catalyst showed almost no decrease. Meanwhile, when 5 vol% H 2 O was also introduced for 20 min, the NO x conversion decreased rapidly to 83%, which remained almost unchanged with the further introduction of H 2 O. Aer shutting off the H 2 O, the NO x conversion increased obviously and was maintained at approximately 97.5%. When SO 2 was also turned off from the gas ue, the NO x conversion recovered to nearly 100% of the initial value. Therefore, the magnetic FeCeW-0.5 catalyst shows high anti-SO 2 poisoning at 300 C, and the inuence of SO 2 and H 2 O on its NH 3 -SCR activity might be attributed to the competitive adsorption of H 2 O and NH 3 on its surface, not the formation of NH 4 HSO 4 , which deposits on the surface of the catalyst and then blocks its partial active sites. FeCeW-0.5. Therefore, the molar ratio of citric acid/(Fe + Ce + W) exhibited almost no effect on the reaction between nitrogen oxides and pre-adsorbed NH 3 species over the catalysts, and the adsorbed ionic NH 4 + and coordinated NH 3 and -NO 2 formed by the reaction between -OH and NO x (3661 cm À1 ) were detected over FeCeW-0.5. 39, 45, 46 Meanwhile, the bands belonging to nitrate species disappeared and some bands ascribed to ionic NH 4 + , coordinated NH 3 and N-H 
Conclusions
The inuence of citric acid content on the NH 3 -SCR activity, structure and redox properties of a magnetic iron-cerium-tungsten mixed oxide catalyst prepared through the microwaveassisted citric acid sol-gel method was investigated. The enhancement in citric acid/(Fe + Ce + W) molar ratio is benecial to the formation of g-Fe 2 O 3 crystallite and promotion of the SCR reaction rates normalized by the surface area of the magnetic catalyst, although this decreased its BET surface area and pore volume. The concentrations of both Fe 3+ and Fe 2+ on the surface of the catalyst were enhanced when the molar ratio of citric acid/ (Fe + Ce + W) increased from 0.25 to 1.0, but it decreased the concentration of absorbed oxygen and total oxygen. Also, the magnetic FeCeW-0.5 catalyst showed the best reducibility at temperatures below 790 C. Simultaneously, the enhanced citric acid content inhibited the formation of acid sites in the magnetic iron-cerium-tungsten mixed oxide catalyst, and FeCeW-0.25 showed the most Lewis acid sites and Brønsted acid sites among the catalysts. The molar ratio of citric acid/(Fe + Ce + W) exhibited almost no effect on the adsorption of NH 3 species over the catalyst. Meanwhile, it affected the adsorption of NO x species. The main reaction occurs between the adsorbed NH 3 species and gaseous NO + O 2 over FeCeW-0.25 at 200 C, which follows an E-R mechanism. Meanwhile, both E-R and L-H mechanisms exist over FeCeW-0.5 and FeCeW-1.0 at 200 C.
